INTRODUCTION 1
The term thoracic outlet syndrome (TOS) was coined for a group of disorders characterized by 2 the compression of the brachial plexus or the subclavian vessels at any point in the thoracic outlet 3 region (Peete et al. 1956 ). According to the classification presently in use, it comprises five distinct 4 clinical syndromes: arterial vascular TOS, venous vascular TOS, traumatic neurovascular TOS, true 5 neurologic (neurogenic) TOS, and nonspecific TOS (Wilbourn 1999; Ferrante 2012 ). In neurogenic 6 TOS, the brachial plexus is typically compressed in the scalenic triangle at the level of the lower trunk 7 or the distal portion of its constituents, the C8 and Th1 anterior primary rami ('roots'). This gives rise 8 to a characteristic clinical syndrome with the selective wasting of the thenar and the first dorsal 9 interosseous muscle (Gilliatt et al. 1970) , and sensory disturbance on the medial aspect of the forearm, 10 with or without pain in the affected arm. The electrophysiological hallmark of neurogenic TOS is the 11 demonstration of postganglionic sensorimotor C8-Th1 axon loss, with Th1 being affected more and 12 earlier (Tsao et al. 2014 ). The category 'nonspecific TOS', also called 'disputed TOS' (Wilbourn 13 1999), is a controversial category with a lack of consensus on its aetiology, pathomechanism and 14 treatment. It is characterized by subjective symptoms such as pain and paraesthesia in the arm, and the 15 feeling of fatigue of the arm, especially when lifted overhead, with no clinical deficit. 16
Congenital anomalies or anatomic variations of the thoracic outlet region, particularly the 17 supernumerary cervical rib attached to the 7 th cervical vertebra, have been historically implicated in 18 TOS (Roos 1976 ). However, given that the estimated prevalence of cervical ribs in the general 19 population is 0.5-2% (Ferrante 2012; Viertel et al. 2012 ) and that of neurogenic TOS is 1 per million 20 (Gilliatt et al. 1970) , statistically the presence of a cervical rib is in itself not diagnostic for neurogenic 21 TOS (Ferrante 2012; Weber and Criado 2014) . Its relevance appears to be higher for arterial vascular 22 TOS (Weber and Criado 2014). Roos, with an extensive surgical experience in TOS, was the first to 23 focus attention on anomalous fibromuscular bands with or without a cervical rib in the thoracic outlet 24 region as the real culprit for neurogenic TOS (Roos 1976; Roos 1980; Brantigan and Roos 2004) . He 25 described 10 types of these bands affecting the lower trunk and 7 affecting the upper or the middle 26 trunks of the brachial plexus (Roos 1976; Brantigan and Roos 2004 ). These 'Roos ligaments' were 27 structures in its vicinity. The cross-sectional area (CSA) of the lower trunk was measured by outlining 1 its outer border, using the continuous trace function of the ultrasound device, at the site of 2 abnormality. More proximally (cranially) the lower trunk breaks up into its constituents, the C8 and 3 the Th1 nerve roots, which were not measured due to their deep position and unreliable identification. 4
The shape of the lower trunk was examined and noted whether it deviated from the normal round 5
shape. Its echogenicity-fascicular structure was also visually assessed as compared to the other 6 elements of the brachial plexus (i.e. upper and middle trunks) in the same patient. No quantification of 7 echogenicity was performed. Sonographic Tinel sign was tested by pressing with the transducer on the 8 region of abnormality. The unaffected side was also examined to check for the presence of any 9 abnormality and sonographic Tinel sign, but CSA measurements were not made. 10
A control group was also examined to obtain normal values for the CSA of the lower trunk 11 and to check for the occurrence of any abnormality and sonographic Tinel sign in the supraclavicular 12 region. None of the subjects had subjective or objective symptoms and signs suggestive of TOS. 13
Control subjects did not undergo electrophysiological assessment. In all subjects, the measurement 14 was performed on the right side. 15
Statistics 16
Descriptive statistics (mean, standard deviation, and range) were applied to describe the age of 17 patients and control subjects, the age of onset of TOS symptoms in patients, and the CSA values of the 18 lower trunk in the affected arms of patients and in control subjects. Two-tailed unpaired t-test was 19 used to test the difference between the age and the CSA values of the control and patient groups. Two-20 tailed Fisher's exact test was used to test for association between the clinical symptoms and signs 21 suggestive of TOS (including both neurogenic and non-specific TOS) and the presence of the wedge-22 sickle sign, and between the sonographic Tinel sign and the presence of the wedge-sickle sign. With 23 respect to the clinical symptoms suggestive of TOS, the sensitivity and the positive predictive value of 24 the presence of the wedge-sickle sign and the sonographic Tinel sign were also calculated. For the 25 tests evaluating the wedge-sickle sign and the sonographic Tinel sign, the control group and the 26 unaffected arms of the patient group were pooled. Statistical significance was set at p<0.05. GraphPad 1 software (GraphPad Software, San Diego, CA, USA) was used for statistical calculation. 2 3
RESULTS

4
The patient group included 20 females with a mean age of 40.4 ± 14.9 years (range: 19-5 74 years). The control group included 25 females with a mean age of 38.9 ± 9.8 years (range: 17-6 51 years). No significant difference was found between the age of the two groups (p=0.6917). Thus, 7 the composition of the patient and the control groups with respect to age and sex was homogeneous. 8 Table 1 shows the summary of demographic, clinical, electrophysiological and radiographic data for 9 all patients, including the individual CSA measurements of the lower trunk. The mean age at the onset 10 of symptoms in the patient group was 34.9 ± 13.5 years (range: 14-69 years). All patients were right-11 handed and all patients had unilateral symptoms. In 17 patients, symptoms were on the right side. 12
Fifteen patients were diagnosed with 'neurogenic TOS', with clinical and electrophysiological signs of 13 postganglionic sensorimotor C8-Th1 axon loss. C8 involvement was usually less severe than Th1. 14 fossa compressed the subclavian artery from the lateral direction and elevated and compressed the 21 lower trunk of the brachial plexus from underneath (Fig. 2) . The lower trunk was enlarged and 22
hypoechoic. This patient also experienced Raynaud phenomenon in the right arm. On the contralateral 23 side, a smaller, non-articulating cervical rib was present, without any signs of brachial plexus 24 abnormality or compression. 25
In the remaining 19 patients, in the supraclavicular fossa, slightly cranial to the attachment of 26 the scalene muscles on the 1 st rib, the lower trunk of the brachial plexus was indented (compressed 27 8 from the lateral direction) by a wedge-shaped, hyperechoic fibromuscular structure at the medial edge 1 of the middle scalene muscle, resulting in a sickle-shaped lower trunk (Figs. 3-4) . Furthermore, at the 2 site of indentation the lower trunk was markedly hypoechoic, associated with complete loss of 3 fascicular structure, as visually compared to the other trunks of the brachial plexus in the same patient, 4 and also enlarged, as statistically compared to the control group. The mean CSA of the lower trunk, 5 measured at the site of compression, including the whole sickle-shaped structure (i.e. the flattened 6 indented site and the enlarged superficial and deep parts) was 32.6 ± 8.7 mm 2 (range: 20-50 mm 2 ) in 7 the patient group, and 16.7 ± 3.9 mm 2 (range: 9-23 mm 2 ) in the control group. The difference between 8 the two groups was statistically significant (p<0.0001). In 4 patients, a similar, but less conspicuous 9 wedge-sickle sign was seen also on the unaffected side, and in one patient, the anomalous attachment 10 of the anterior scalene muscle was seen between the subclavian artery and the brachial plexus on the 11 unaffected side. However, in none of the control subjects was a wedge-sickle sign or other anomaly 12 detected. The association between the clinical symptoms and signs suggestive of TOS (including both 13 neurogenic and non-specific TOS) and the presence of the wedge-sickle sign was statistically highly 14 significant (p<0.0001). With respect to the clinical signs and symptoms suggestive of TOS (including 15 both neurogenic and non-specific TOS), the presence of the wedge-sickle sign had a sensitivity of 95% 16 (95% CI: 75.13% to 99.87%) and a positive predictive value of 82.6% (95% CI: 61.22% to 95.05%) in 17 our cohort. In addition to the wedge-sickle sign, in Patient 10 the anomalous insertion of the anterior 18 scalene muscle between the subclavian artery and the brachial plexus was also seen (Fig. 4B) . 19
In 2 patients (Patients 1 and 5), the fibromuscular structure with the hyperechoic tip indented 20 the subclavian artery as well, caudal to the level of the compression of the lower trunk (Fig. 5,  21 
Supplementary video).
No vascular symptoms were present in these patients. In the patient with the 22 bony articulating cervical rib, the subclavian artery was compressed by the cervical rib. In this patient, 23
Raynaud symptoms were also present indicating vascular involvement. 24
In 5 patients, the cranial end of the hyperechoic fibromuscular structure was traced to a bony 25 structure with posterior acoustic shadowing (Supplementary video). All of these patients had either a 26 cervical rib or an elongated C7 transverse process on the radiography of the cervical spine. In the 27 9 remaining patients, cranially the hyperechoic fibromuscular structure gradually melted into the middle 1 scalene muscle. 2
The attachment of the middle scalene muscle on the first rib is normally found lateral-posterior 3 to the brachial plexus, being the lateral border of the interscalenic space (Fig. 3A) . In 6 patients, the 4 attachment was more medial-anterior, intruding between the first rib, and the subclavian artery-5 brachial plexus, and thus elevating the artery and the plexus (Fig. 6, Supplementary video) . This 6 anatomical situation has a space restricting effect in the caudal aspect of the interscalenic space. 7 Supraclavicular sonographic Tinel sign was observed in 10 patients with the wedge-sickle sign 8 on the affected side, and in the one patient with the articulating cervical rib. In these patients, pressing 9 on the wedge-sickle sign / articulating rib with the transducer provoked strong radiating, electric-like 10 pain and paraesthesia in the arm or the shoulder region. This never occurred in the control subjects, 11 nor in the unaffected arms in the patient group, including those four patients where the wedge-sickle 12 sign was observed in the unaffected arm as well. The association between the presence of the 13 sonographic Tinel sign and the presence of the wedge-sickle sign was statistically highly significant 14 (p<0.0001). With respect to the clinical symptoms of neurogenic or non-specific TOS, the presence of 15 a supraclavicular Tinel sign had a sensitivity of 55% (95% CI: 31.53% to 76.94%) and a positive 16 predictive value of 100% (95% CI: 71.51% to 100.00%) in our cohort. 17
Surgical findings 18
Eight patients underwent surgery ( Table 1 ). The remaining patients either refused surgery or 19 surgery has not been scheduled yet. In Patient 3, the whole middle scalene muscle was found hard and 20 fibrotic and scalenotomy was performed. In Patients 11-14 and 17, at the medial edge of the middle 21 scalene muscle a hard, fibrotic ligament, indenting the lower trunk of the brachial plexus was found. 22
The ligament was resected (Fig. 7) . The hourglass-like enlargement of the trunk was also observed. In 23
Patient 18, the ligament at the medial edge of the middle scalene muscle was found attached to the 24 elongated transverse process of the 7 th cervical vertebra. The ligament was resected. In Patient 24, the 25 ligament at the medial edge of the middle scalene muscle was attached to a cervical rib, but only the 26 rib was removed. In all patients, pain and paraesthesia in the arm decreased markedly after surgery, as 1 reported by the patients. Long-term follow-up is pending. patient with non-specific TOS, a large bony cervical rib articulating with the first rib compressed the 10 brachial plexus (Fig. 2) . In the remaining 19 patients, a distinctive ultrasonographic sign was 11 observed, which we termed as the 'wedge-sickle sign' (Figs 3-4, 8) . The 'wedge' corresponds to a 12 fibromuscular structure with a pointed, hyperechoic (fibrotic) tip along the caudal medial edge of the 13 middle scalene muscle, indenting (compressing) the lower trunk from the lateral direction in the 14 supraclavicular fossa, where it is lodged between the middle scalene muscle and the subclavian artery. 15
The 'sickle' is the shape assumed by the lower trunk in cross-section due to the indentation. The 16 hypoechogenicity, the complete loss of fascicular structure and the significant enlargement of the 17 lower trunk were associated features in all patients, which are characteristic ultrasonographic signs of 18 nerve compression in general (Hobson-Webb et al., 2012). The wedge-sickle sign was also seen in the 19 unaffected arm in four patients, but in none of the control subjects, possibly indicating a genetic 20 predisposition to bilateral occurrence. With respect to the clinical symptoms of neurogenic or non-21 specific TOS, the wedge-sickle sign had a sensitivity of 95% and a positive predictive value of 82.6% 22 in our cohort. Supraclavicular sonographic Tinel sign was also an important feature, with a lower 23 sensitivity (55%), but with a 100% positive predictive value. The fibromuscular structure may also 24 indent the subclavian artery in the same fashion (Fig. 5, Supplementary video) , possibly leading to 25 vascular symptoms as well. Moreover, vascular TOS may also cause neurological symptoms 26 secondary to blood vessel involvement, such as pain and numbness of the arm, resembling symptoms 27 of non-specific TOS. However, in the two patients with the wedge-sickle sign and indentation of the 1 subclavian artery, symptoms were clearly neurological (with marked C8-Th1 axon loss), without 2 associated vascular symptoms. On the other hand, in the one patient with non-specific TOS symptoms 3 where the compression of both the brachial plexus and the subclavian artery was caused by a bony 4 cervical rib, vascular symptoms (Raynaud phenomenon) were also present. It has been shown that the 5 bony cervical rib has a higher relevance for arterial vascular TOS (Weber and Criado, 2014) . In this 6 patient, the difference between symptoms of brachial plexus and of arterial origin is not so clearly 7 delineated. 8
The observed fibromuscular structure located between the lower trunk and the middle scalene 9 muscle in the supraclavicular fossa may correspond to several of the 10 different types of bands 10 causing compression of the Th1 root or the lower trunk described by Roos (1980) . In type 1, a tight 11 fibrous band connects the rudimentary cervical rib to the mid portion of the first rib, posterior to the 12 scalene tubercle. In type 2, the band originates on an elongated C7 transverse process. In 5 of our 13 patients with the wedge-sickle sign, the cranial end of the fibromuscular structure could be traced to a 14 bony structure with posterior acoustic shadowing (Supplementary video). As all of these patients had a 15 cervical rib or an elongated C7 transverse process, the bony structure appearing in the interscalenic 16 region cranial to the site of compression most likely corresponds to the anterior tip of the cervical rib 17 or the elongated C7 transverse process. Thus, type 1 or 2 bands are probably the cause of the 18 compression in this subset of patients. In the remaining patients with the fibromuscular abnormality, 19 the wedge shaped fibromuscular structure became less distinct cranially and melted into the middle 20 scalene muscle. In these cases, the other types of Roos ligaments (types 3-10) are considered, but they 21 cannot be reliably differentiated from each other on ultrasound. Type 3 (a fibromuscular band arising 22 at the neck of the first rib and attaching to the inner part of the first rib, posterior to the scalene 23 tubercle) is the most common type according to Roos (1976) , and type 4 (fibrous, sharp medial edge 24 of the middle scalene muscle, and medial attachment of the muscle) is also noteworthy. In the latter, 25 the more medial (anterior) attachment of the middle scalene muscle leads to a common tendinous 26 insertion of the anterior and middle scalene muscles, forming a V-shaped sling underneath the 27 subclavian artery and the lower trunk (Fig. 6) . This anatomical situation elevates the lower trunk from 28 the first rib and may result in a space occupying effect and compression of the lower trunk, especially 1 if the middle scalene muscle has a sharp, fibrous medial edge. However, we observed this anomalous 2 attachment in patients with type 1 or 2 bands as well, where it may be considered as an additional 3 factor contributing to the compression. Furthermore, in Patient 10 the anomalous insertion of the 4 anterior scalene muscle between the subclavian artery and the brachial plexus was seen, thus in this 5 patient the lower trunk became compressed between the middle and the anterior scalene muscles 6 (Fig. 4B) . 7
The presurgical identification of the fibromuscular structure as the cause of compression of the 8 lower trunk is especially important in the controversial 'non-specific TOS' category. In our cohort, the 9 'wedge-sickle sign' associated with sonographic Tinel sign could also be demonstrated in 4 patients 10 with only pain and paraesthesia in the arm without neurological deficit (Fig. 4) . Likewise, in a surgical 11 series of 14 patients, it was shown that anomalous fibromuscular bands compressed the lower trunk in 12 patients with only pain, sensory symptoms and supraclavicular Tinel sign (Liu et al. 1995) . Our study provides ultrasonographic confirmation of Roos' observation that anomalous 7 fibromuscular structures in the scalenic triangle are the major causes of neurogenic TOS. We report a 8 novel and distinctive ultrasonographic sign, the 'wedge-sickle sign', which allows the easy presurgical 9 identification of these bands causing TOS. This is especially useful in patients without neurological 10 deficit, where the diagnosis is not always as straightforward. On the other hand, early diagnosis is 11 important, because the neurological deficit associated with TOS may be irreversible. 
